We evaluated the effects of social monitoring and feeding competition on foraging success in relation to the feeding group size of wild Japanese macaques (Macaca fuscata). Social monitoring is visual scanning by group members that assists them in following their own group. Individuals in smaller feeding groups may frequently use social monitoring while foraging, because they have an increased risk of losing their group. Therefore, social monitoring could be a cost for group-foraging animals. We made four predictions: (1) individuals in smaller feeding groups tend to abandon food patches to follow group members; (2) social monitoring frequency is higher in smaller feeding groups; (3) feeding rate decreases with increased social monitoring frequency; and (4) feeding rate initially increases with feeding group size because decreased social monitoring outweighs increased feeding competition, but after the feeding group reaches a certain size, feeding rate declines with increasing feeding group size due to the high costs of feeding competition. These predictions were supported by our results. Thus, the relationship between feeding group size and feeding rate can show three patterns (positive, neutral and negative) in response to the balance between the costs of social monitoring and feeding competition.
Introduction
The costs of group-living on foraging have played important roles in the evolution of primate groups (Wrangham, 1980; van Schaik, 1983) . Generally, sharing food resources with other group members causes within-group feeding competition, which reduces the foraging success of individuals within the group (Janson, 1988; Janson & van Schaik, 1988) . Then, the within-group feeding competition increases with increasing group size (Wrangham, 1980; van Schaik, 1983; Janson & Goldsmith, 1995; Steenbeek & van Schaik, 2001 ). However, individuals in a group have some benefits in terms of the efficient discovery of food patches (Clark & Mangel, 1986) and protection from predators (Terborgh, 1983; van Schaik & van Hooff, 1983) .
Many primate species depend on patchily distributed fruits and leaves as food sources (Leighton & Leighton, 1982; Nakagawa, 1989; Agetsuma, 1995a) . However, group members may not always stay together in a food patch (Whitten, 1988; Agetsuma, 1995b) , and may split into several temporary feeding groups (fission-fusion societies: Leighton & Leighton, 1982; de Moraes et al., 1998; cohesive societies: Whitten, 1988 ). Although the relationship between feeding group size and feeding rate in food patches has been extensively studied (e.g., Leighton & Leighton, 1982; Chapman, 1988; Furuichi & Hashimoto, 2007) , the effects of group size on feeding success remain unclear. For example, the feeding rate of red colobus monkeys (Piliocolobus tephrosceles) decreases with feeding group size because of scramble feeding competition (Snaith & Chapman, 2005) , whereas the feeding rate of vervet monkeys (Chlorocebus aethiops) is not influenced by feeding group size (Whitten, 1988) . Whitten (1988) assumed that the monkeys adjust their feeding group size to food patch capacity. Moreover, at our study site on Kinkazan Island, Japan, the feeding rate of Japanese macaques (Macaca fuscata) increases with feeding group size (Kazahari & Agetsuma, 2008) . The presence of other individuals may improve foraging success by reducing the need for vigilance against predators (Berger, 1978; Caraco, 1979; Sullivan, 1984) and the defense of food resources from other groups (i.e., inter-group feeding competition; Wrangham, 1980) . However, for Japanese macaques on Kinkazan Island, no predators are present, and inter-group encounters rarely occur. Therefore, other mechanisms, which have not been previously examined, must be involved in the foraging success of group-living animals (Kazahari & Agetsuma, 2008) . The detection of such mechanisms could resolve the apparently conflicting results on the relationship between feeding group size and foraging success (Whitten, 1988; Snaith & Chapman, 2005; Kazahari & Agetsuma, 2008) .
The costs and benefits of staying in proximity to other group members affect the relationship between feeding group size and feeding rate. Primate group members must stay within a range of group dispersion to avoid losing their group (van Schaik, 1989) . They must visually confirm the movements of other members (i.e., social monitoring) to determine their own next behavior (Emery et al., 1997) . Japanese macaques engage in frequent social monitoring to confirm the spatial locations of group members when groups are dispersed (Suzuki, 2006) .Without social monitoring, they may lose their group. When Japanese macaques lose their group, they tend to move around and make many long-distance calls until they relocate the group (Kazahari personal observation), incurring energy and time costs. Therefore, even during foraging, individuals must monitor the movements of other group members. Thus, social monitoring may have negative effects on foraging success. Foraging success is also reduced through direct competition by aggressive interactions and dominance rank (contest competition), and through indirect competition by the sharing of food resources with other group members (scramble competition; Janson & van Schaik, 1988) . Both types of feeding competition increase with group size (Wrangham, 1980; van Schaik, 1983; Janson, 1985; Janson & Goldsmith, 1995; Steenbeek & van Schaik, 2001; Vogel & Janson, 2007 ).
We present the following hypothesis to describe the relationship between feeding group size and feeding rate. Feeding rate depends on two types of cost: the cost of social monitoring and the cost of feeding competition, which vary in opposing ways with feeding group size. Although feeding competition increases in larger groups (Wrangham, 1980; van Schaik, 1983; Janson, 1985; Janson & Goldsmith, 1995; Steenbeek & van Schaik, 2001; Vogel & Janson, 2007) , social monitoring decreases with increasing feeding group size. As individuals in smaller feeding groups are at increased risk of losing their own group, they need to frequently monitor the movements of other group members and must sometimes even abandon food patches to follow other members. When feeding group size grows above a certain level, individual social monitoring may become unnecessary. Thus, the cost of social monitoring may decrease with feeding group size only to a certain level, whereas the cost of feeding competition increases continuously with increasing feeding group size.
Based on this hypothesis, the actual feeding rate at a given feeding group size depends on the combined costs of social monitoring and feeding competition. We expect feeding rate to be maximized when these combined costs are minimized. Combined costs may be large in the smallest and largest feeding groups due to the substantial costs of social monitoring and feeding competition, respectively.
Thus, we predicted a parabolic relationship between feeding group size and feeding rate, which would enable the identification of an optimal feeding group size for feeding rate.
From our hypothesis, we made the following predictions: Prediction 1, individuals in smaller feeding groups tend to give up food patches to follow other group members; Prediction 2, social monitoring frequency is higher in smaller feeding groups; Prediction 3, feeding rate decreases with social monitoring frequency; and Prediction 4, the relationship between feeding rate and feeding group size is expressed as a parabolic curve. We examined these four predictions to verify our hypothesis.
By focusing on the costs of both social monitoring and feeding competition, we expect to explain the reason for the inconsistent findings of previous studies on the relationship between feeding group size and foraging success (Whitten, 1988; Snaith & Chapman, 2005; Kazahari & Agetsuma, 2008) . Ultimately, this study contributes to the understanding of foraging success in group-living animals.
Methods

Study site and subjects
The study was conducted on Kinkazan Island (10 km 2 ), northern Japan (38•16_N, 141•35_E). The island is covered with a mixed forest of coniferous and broad-leaved trees (Yoshii & Yoshioka, 1949) . Trees are sparse, due to high feeding pressure from sika deer (Cervus nippon Yoshii & Yoshioka, 1949) . Therefore, macaques tend to move across the ground between food trees. Thus, each food tree can be defined as a food patch (Nakagawa, 1990) . Six groups of Japanese macaques live on the island, with a total population size of 221 (Izawa, 2005) . We studied the B1 troop, which consisted of 13 adult females (≧7 years old), 2 adult males (≧7 years old) and 6 juveniles (1-4 years old). Japanese macaques have a linear dominance hierarchy among females, which is nepotistic (Kawamura, 1965) . Dominance rank affects the foraging success of group-living primates through contest feeding competition (Janson & van Schaik, 1988) . Four adult females, with respective dominance ranks of 1, 6, 9 and 13, were chosen as study subjects to evaluate the degree of contest feeding competition. The intensity of contest competition varies with food patch size (Mitchell et al., 1991) , patch distribution (Barton, 1993) , the amount of food, and its relative availability (Saito, 1996) . Japanese macaques sometimes greatly change the composition of their diets within a period of 2 weeks in response to changes in food conditions (Agetsuma, 1995c) , and in such cases the intensity of feeding competition must vary over the same time scale. Thus, it was necessary to select a rather short observation period during which the macaques depended mainly on one food item to minimize changes in food conditions. In this study, we chose an observation period from 14 to 27 April 2005. During this period, the macaques depended on flowers of the Japanese beech (Fagus crenata) for 57% of their total foraging time. The energy content of one bite of the flowers was about twice as high as the energy content of the other two main food items eaten during the period (Tsuji, unpublished data), i.e.,
Berberis thunbergii leaves (21% of total foraging time) and herbaceous plants (13%). The beech trees were distributed relatively uniformly within the range of the macaque group at a density of 16.4 trees/ha, which was higher than the densities of other food tree species (Kazahari & Agetsuma, data not shown).
We did not observe any encounters between the B1 troop and neighbouring troops. No macaque predators inhabit the island (Izawa, 1983) .
Foraging behaviour and feeding group size
We collected behavioural data using the focal animal sampling method (Altmann, 1974) . Each day, one of the four females was selected as the target and followed from dusk to dawn. While following the focal female, we collected behavioural data continuously during each 8-min observation session (Kazahari & Agetsuma, 2008) . For the first half of the session (behaviour sampling sub-session), we recorded the number of seconds spent engaging in three behaviours: foraging, travelling and inactivity, including resting and self-and social grooming. When possible, we also counted the number of flowers consumed while foraging in beech trees (food patches). The time spent feeding (handling and chewing) on the flowers was recorded in seconds. We defined social monitoring as visual scanning lasting for more than 1 s to confirm the spatial location of other group members around food trees. Macaques sometimes conduct visual scanning to search for food items in a food patch, but neither visual scanning of the upper branches of food trees nor visual scanning related to other events, such as agonistic interactions and the approach of other individuals, were treated as social monitoring in this study. We also counted aggression between the focal female and other individuals (e.g., attack and replacement after approach within 1 m). In the second half of each session (feeding group size sampling sub-session), the number of other individuals in the same food patch (tree) with the focal female were counted to generate the feeding group size. Data collected during each sub-session (behaviour and feeding group size sampling) were treated as data from the same session. The length of observation sessions (8 min) was set arbitrarily and operationally.
However, within an 8-min period, focal females generally tended to maintain their foraging rate in a food patch, and feeding group size did not vary greatly. It was considered reasonable to treat data collected in each sub-session (behavioural and feeding group size) as one session's data.
Other behavioural data were recorded by ad libitum sampling (Altmann, 1974) . We recorded the times of entrance into and departure from food patches by the focal female. When other group members arrived at or departed from the food patches used by focal females, these times were recorded to assess the feeding group size when the focal female left the patch. We also recorded incidents when aggression from other individuals made the focal female abandon the food patch. If the focal female began feeding on foods other than beech flower during the feeding group size sub-session, we recorded the time of the switch and the food species consumed.
Observations were conducted for a total of 6-12 h (44-90 sessions) during an observation day, and we observed each female for 15-20 h (111-148 sessions) during the study period. The total observation time for the four females combined was 71 h (531 sessions). In the food patches, focal females spent 94% of the total observation time feeding during behaviour sub-sessions.We were able to count the number of flowers eaten for 84% of the total feeding time. The number of consumed flowers, feeding time, and occurrences of social monitoring were calculated for each session to analyze the effects of social monitoring on feeding rate.
Food patch quality
Foraging success is affected by food patch quality (Whitten, 1988) as well as by social factors. We assumed that patch quality was represented by the crown volume of food trees (Kazahari & Agetsuma, 2008) .We measured the maximum and minimum crown widths and depths of beech trees used by the focal animals. The crown volume of each tree was estimated as the volume of an elliptical cylinder, with the maximum and minimum widths as the major and minor axes and the depth as the height.
Data analysis
Causes of patch departure Individuals leave food patches for several reasons: aggression from other individuals (aggression), feeding satiation (satiation), patch depletion and following other group members (following; Nakagawa, 1990) .
When a focal female left immediately after being attacked by other individuals, we classified the cause of patch departure as 'aggression'.When the focal female was inactive after patch departure, the cause of patch departure was classified as 'satiation'. In cases of 'patch depletion' and 'following' group members, individuals were not satiated and would try to forage after patch departure. However, discriminating 'patch depletion' from 'following' was not simple, as individuals may leave a patch due to patch depletion, but may occasionally follow other members from the patch. In foraging theory, a decrease in feeding rate suggests patch depletion (Charnov, 1976; Parker, 1978) . Nakagawa (1990) suggested that patch depletion can be identified by both a reduction in feeding rate in the patch and the resumption of foraging after patch departure. In this study, we considered individuals to have left a patch due to 'patch depletion' when a reduction in feeding rate could be observed. If individuals left a food patch without a reduction in feeding rate, the cause of patch departure was classified as 'following'. Thus, we classified 'patch depletion' and 'following' based on the combination of behaviour after patch departure and changes in feeding rate in the patch (Figure 1) . The feeding rate in each session was calculated by dividing the number of beech flowers consumed by the feeding time. We focused on changes in feeding rate by comparing the feeding rate during the last session to that during the first session for each food patch visited. When the feeding rate in the last session was <80% of that of the first, we assumed that a reduction in feeding rate had occurred. When the focal female moved and entered a new food patch within 8 min after leaving a patch where feeding rate had been reduced, we classified the cause of patch departure as 'patch depletion'. When the focal female left the patch without feeding rate reduction, and moved or entered a new patch, the cause of patch departure was classified as 'following' group members. Relationship between feeding group size and probability of 'following' (Prediction 1) We examined the relationship between feeding group size and the occurrence of patch departure due to 'following' group members using a generalized linear model (GLM). This analysis allowed us to test whether the probability of 'following' increases in smaller feeding groups. Table 2 provides information about the variables used in the analysis. If over-dispersion occurred, the significance of the independent variables was estimated again by GLM with a quasi-binomial error distribution. We used the R.2.10.0 statistical package (http://www.r-project.org/) for all analyses. Relationship between social monitoring and feeding group size (Prediction 2) GLM was used to test the relationship between feeding group size and social monitoring frequency (i.e., the number of occurrences of social monitoring per feeding time) for each session (Table 1) . Social monitoring frequency may also be affected by dominance rank. Thus, feeding group size, dominance rank, and interaction between feeding group size and dominance rank were included in the GLM. We did not set each individual (monkey ID) as a random effect in the GLM, because the dominance rank corresponded to monkey ID. If over-dispersion occurred, the significance of the independent variables was estimated again by GLM with a quasi-Poisson error distribution.
Relationship between feeding rate and social monitoring (Prediction 3)
GLM was used to test the relationship between social monitoring frequency and feeding rate (i.e., number of flowers eaten per feeding time) for each session (Table 1) . Feeding rate may also be affected by patch quality (Whitten, 1988) and dominance rank (Janson & van Schaik, 1988) . Thus, these factors were also included as independent variables in the GLM. We did not set monkey ID as a random effect in the GLM, because the dominance rank corresponded to monkey ID. If over-dispersion occurred, the significance of the independent variables was estimated again by GLM with a quasi-Poisson error distribution.
Relationship between feeding rate and feeding group size (Prediction 4)
We evaluated the effect of social factors on feeding rate using model selection (Table 1) . Based on our hypothesis, we expected a parabolic relationship between feeding group size and feeding rate. We included both the square and linear terms of feeding group size in the GLM as independent variables. Dominance rank also affects feeding rate through contest feeding competition (Janson & van Schaik, 1988) . Moreover, the increase in contest competition with feeding group size was expected to be intense for lower-ranking females, as subordinate individuals were prevented from feeding in preferred sites, which allow for higher feeding rates (Janson, 1985) . Therefore, we set dominance rank and interaction between dominance rank and feeding group size as the independent variables. In addition, we set patch quality as an independent variable, because patch quality tends correlate with feeding rate (Whitten, 1983) . We did not set monkey ID as a random effect in the GLM, because the dominance rank corresponded to monkey ID. The best model was determined by removing the independent variables that did not improve the Akaike's information criterion compared to the full model.
Results
Relationship between feeding group size and probability of 'following'(Prediction 1)
We observed 32 cases of patch departures during the study period. For 31 cases, we were able to classify the cause of the departure (aggression = 4, satiation = 18, patch depletion = 1, following = 8, Figure 2 ).
Departure due to 'patch depletion' was observed only once, and the feeding group size at departure was the largest among all cases of patch departure observed. We estimated the probability of 'following' being the cause of patch departure for each feeding group size (i.e., occurrence of patch departure by 'following') by GLM. The significance of the independent variables was estimated again by GLM with a quasi-binomial error distribution because over-dispersion was observed. There was a significant negative coefficient of feeding group size in GLM ( Table 2 ). The probability of 'following' was higher in smaller feeding groups (Figure 3) . Thus, individuals in small feeding groups tended to leave food patches by following other group members. other group members. Circles represent observed frequency (occurrence of departure to follow group members/total occurrences of patch departure) in each feeding group size, and the line represents the estimated probability of 'following' as a cause of patch departure by GLM. 
Relationship between social monitoring and feeding group size (Prediction 2)
We tested the relationship between social monitoring frequency and feeding group size for each session.
Feeding group size showed a significantly negative relationship with increased social monitoring frequency (Table 2) . Social monitoring was not observed in feeding groups composed of more than 10 individuals (Figure 4) . However, dominance rank and the interaction between dominance rank and feeding group size did not have significant effects on social monitoring frequency. 
Relationship between feeding rate and social monitoring (Prediction 3)
We also tested the relationships between social monitoring frequency, dominance rank and patch quality with feeding rate for each session. The significance of the independent variables was estimated again by GLM with a quasi-Poisson error distribution because over-dispersion was observed. Feeding rate significantly decreased with increased social monitoring frequency (Table 2 ), but neither dominance rank nor patch quality had significant effects on feeding rate.
Relationship between feeding rate and feeding group size (Prediction 4)
We evaluated the effects of feeding group size, dominance rank, interaction between feeding group size and dominance rank, and patch quality on feeding rate using model selection in GLM analysis. The full model was selected as the best model ( Table 2) . The relationship between feeding rate and feeding group size was expressed by a parabolic curve with an axis at around 10 individuals in a feeding group ( Figure   5 ). Thus, the maximum feeding rate was achieved when the feeding group was composed of approx. 10 individuals. We observed five cases of aggression against focal females by other individuals and two cases of aggression against other individuals by focal females in food patches (total 425 min of sub-session).
However, four of the five cases of aggression against focal females were not related to feeding competition, although they led to patch departure. In these cases, focal females had to flee from non-group males (three cases), or a dominant female occasionally approached a focal female solely to cause her to leave the food patch (one case). Only one of the five cases may have been the result of feeding competition. The limited sample size prevented us from examining the effects of aggression on feeding rate. However, dominance rank and the interaction between dominance rank and feeding group size were selected as explanatory variables in the best-fit model (Table 2) . These variables had negative effects on feeding rate, although their coefficients were not statistically significant. Patch quality also had a negative effect on feeding rate.
Discussion
We focused on social monitoring as a factor affecting foraging success. We hypothesized that feeding rate depends on both the cost of social monitoring and on feeding competition, which are opposite functions of feeding group size. Based on this hypothesis, we examined the following four predictions: Prediction 1, individuals in smaller feeding groups tend to abandon food patches to follow their own group; Prediction 2, social monitoring frequency is higher in smaller feeding groups; Prediction 3, feeding rate decreases with increasing feeding group size; and Prediction 4, the relationship between feeding group size and feeding rate is expressed as a parabolic curve.
Relationship between feeding group size and probability of 'following' (Prediction 1)
Our results suggested that individuals in smaller feeding groups tended to leave a food patch to follow group members (Table 2 and Figure 3 ). To avoid losing their group, primate group members must stay within a range of group dispersion (van Schaik, 1989) . They visually confirm the movements of other group members (i.e., social monitoring) and then determine their own subsequent behaviour (Emery et al., 1997) . Thus, individuals in smaller feeding groups, who are more likely to lose their own group, need to monitor other members carefully and follow them.
The relationship between feeding group size and social monitoring (Prediction 2), and between social monitoring and feeding rate (Prediction 3)
We predicted that individuals in smaller feeding groups are exposed to a higher risk of losing their group.
Thus, such individuals need to monitor the locations and movements of other group members frequently (Prediction 2). Our results supported this prediction, finding that social monitoring frequency was higher in small feeding groups (Table 2 and Figure 4 ). We also predicted that social monitoring in food patches would have negative influences on foraging success (Prediction 3). In fact, the feeding rate in each session was decreased significantly by social monitoring in this study (Table 2 ). These results suggest that social monitoring can be costly while foraging. However, the cost decreases with increasing feeding group size.
The relationship between feeding group size and feeding rate (Prediction 4)
We hypothesized that feeding rate would depend on the costs of both social monitoring and feeding competition. These costs would be opposite functions of feeding group size. That is to say, the realized feeding rate at a given feeding group size depends on the combined costs of social monitoring and feeding competition. Therefore, we expected that feeding rate would show a parabolic relationship with feeding group size (Prediction 4).
We verified that the two types of cost, social monitoring and feeding competition, were opposite functions of feeding group size. As described above, there was a negative relationship between social monitoring and feeding group size (Prediction 3; Table 2 ; Figure 4 ), although positive relationships between feeding competition and feeding group size have been reported in previous studies (Wrangham, 1980; van Schaik, 1983; Janson, 1985; Janson & Goldsmith, 1995; Steenbeek & van Schaik, 2001; Vogel & Janson, 2007) .We also found that dominance rank and the interaction between dominance rank and feeding group size negatively affected feeding rate in the best-fit model (Table 2) , although aggression over food resources was rarely observed. As dominance rank did not relate to social monitoring frequency (Table 2 ), it may reduce the feeding rate directly. These results suggest that lower-ranking females were exposed to stronger feeding competition in larger feeding groups. This would occur because subordinate individuals cannot enter good feeding locations when dominant individuals are present (Janson, 1985) . In addition, we observed one patch departure due to patch depletion, which took place under the largest feeding group size. In this case, scramble feeding competition may have occurred. Thus, it is reasonable to assume that feeding competition increases with feeding group size.
As the costs of social monitoring and feeding competition were opposite functions of feeding group size, combined costs would be largest in the smallest and largest feeding groups due to the substantial costs of social monitoring or feeding competition, respectively. Therefore, a parabolic relationship between feeding group size and feeding rate was obtained in this study ( Figure 5 ). The maximum feeding rate was realized at around 10 individuals per feeding group, i.e., that is the optimal feeding group size in this situation. Thus, feeding rate was determined by the balance between these two types of cost. Our hypothesis that feeding rate depends on the costs of both social monitoring and feeding competition, which are opposite functions of feeding group size, was supported.
Reviewing the relationship between feeding rate and feeding group size
We demonstrated that feeding rate depends on both social monitoring and feeding competition, both of which are functions of feeding group size, but with opposite effects. Results indicated three phases of feeding rate according to feeding group size. In Phase 1, the decreasing cost of social monitoring exceeds the increasing cost of feeding competition. Thus, feeding rate increases with group size under smaller feeding group sizes (<10 individuals in Figure 3 ). In Phase 2, the increasing cost of feeding competition and the decreasing cost of social monitoring are balanced. Thus, feeding rate is relatively constant at feeding group size of around 10 individuals. In Phase 3, the increasing cost of feeding competition exceeds the decreasing cost of social monitoring, and feeding rate decreases with feeding group size (more than 10 individuals). Thus, the relationship between feeding group size and feeding rate (positive, neutral, or negative) may vary over the three phases, according to the balance of decreasing and increasing costs.
Previous field studies have been apparently at odds over the effects of feeding group size on feeding rate (e.g., Whitten, 1988; Snaith & Chapman, 2005; Kazahari & Agetsuma, 2008) . However, these studies may represent different phases of the cost balance between social monitoring and feeding competition.
For example, Kazahari & Agetsuma (2008) showed that the feeding group size of Japanese macaques had positive effects on feeding rate under rich food conditions. This situation may correspond to Phase 1.
Under such conditions, feeding competition is weak, and the decreasing cost of social monitoring would exceed the increasing cost of feeding competition. In contrast, Whitten (1988) reported that the feeding rate of vervet monkeys did not vary with feeding group size. This situation may correspond to Phase 2.
Finally, Snaith & Chapman (2005) showed that the feeding group size of red colobus monkeys had negative effects on feeding rate under limited food conditions. This situation may correspond to Phase 3.
Under such conditions, feeding competition becomes severe, and the increasing cost of feeding competition would surpass the decreasing cost of social monitoring. As described above, the foraging success of animals living in groups may be affected by social factors through two different pathways, with realized foraging success depending on a balance between the two types of cost, which vary with food conditions. We can discuss optimal troop size and optimal feeding group size by considering food conditions and the balance between these two costs associated with group-living.
